This study deals numerically with a heat transfer in a turbulent
Introduction
Flows characterized by the separation and recirculation phenomena, as flow over cavities and steps or around obstacles, promote mixing fluid and can play an important role in heat transfer. This kind of flows is of a great interest as it is related to various engineering applications such as cooling systems for electronic components, combustion chambers, heat exchangers and solar energy collectors. Mehrez et al. [1] have examined flow control and mass transfer in separated and reattached flow over a backward facing step. The flow control is realized by the introduction of a periodic local perturbation at the step edge. Results show important changes in flow characteristics and an enhancement in heat transfer due to the applied perturbation. Lancial et al. [2] have investigated experimentally and numerically the effect of a turbulent wall jet on heat transfer over a non-confined backward facing step. It was found that the reattachment length is between 4.2H and 4.33H which is shorter than that of a confined backward facing step. The Nusselt number, low in the recirculation region, increase to a maximum value in the reattachment zone and decrease within the recovery region. Mushatet [3] has considered a turbulent flow over a backward facing step with turbulators ribs. This purpose was to investigate the ribs effect on flow characteristics, principally on the recirculation zones size and on the heat transfer. It was found that the turbulators ribs enhance significantly the heat transfer. The size of the recirculation zones increases with the step height. The heat transfer enhances with the increase of the Reynolds number, the step height and the number of ribs. Turbulators ribs are widely used in several engineering applications such as serpentine cooling air and gas turbine. However, the flow field between two roughness elements is similar to a cavity flow, Oka [4] . Many studies were conducted to investigate the cavities effect on flow and heat transfer. Richards et al. [5] experiments show that the heat transfer is very sensitive to the cavity aspect ratio but is less affected by the inlet boundary layer thickness. The study of Aung [6] , concerning a laminar forced convection in cavities with aspect ratios of 1 and 4, show that the temperature distribution outside the cavity is less affected by the flow inside the cavity. In the cases considered in this study (AR = 1, 4), the maximum heat transfer on the cavity floor is located between the midpoint of the cavity floor and the downstream wall. Everywhere on the cavity floor, the local heat transfer is substantially less than that of the upstream cavity region. Batthi and Aung [7] studied numerically, by finite difference analysis, the laminar flow over rectangular cavities. The results indicate that while the average Nusselt number in the cavity is related to the Reynolds number raised to a power law, the latter depends on the aspect ratio and varies between the cavity floor and the side walls.
The study of Aghajani Delavar et al. [8] deals with the effect of the heater location on flow field, heat transfer and entropy generation in a cavity. The results show that the heater location has a main effect on the flow pattern and on temperature distribution in the cavity. Higher heat transfer was observed from the cold walls when the heater was located on the vertical wall. The heat transfer increases from the heater surface when it is located on the horizontal wall. Stalio et al. [9] have studied numerically a forced convection on a channel with a periodic series of shallow cavities at low Prandtl number. It was observed that, in laminar flow conditions and for isothermal walls, the presence of the cavity has a negative effect on heat transfer due to the presence of a stable vortex downstream the backward step. The insulating effect of the vortex increases with the Reynolds number. The only case where the global Nusselt number increases with the Reynolds number is due to a heat transfer enhancement in the developing boundary layer region downstream the cavity with an aspect ratio of 10.
The present study focuses on the upstream flow characteristics effect on shallow cavity flow behavior and on heat transfer. The cavities aspect ratio is AR = 10. The cavities walls temperature was fixed at T w = 320 K and that of the inlet flow at T 0 = 300 K. The case studied experimentally by Esteve et al. [10] and numerically by Madi Arous et al. [11] has been used for the turbulence model validation. We used, in this study, the same geometric parameters of the reference [11] ; therefore, we adopted the same turbulence model and scheme discretizations.
Theoretical formulation
The fluid is incompressible and the flow is assumed two-dimensional and statistically steady.
Governing equations
The mathematical model consisted of the following steady Reynolds averaged equations in Cartesian tensor form:
-energy equation
The turbulent Prandtl number for energy transport equation is given by:
where U i is the velocity vector component in i direction, and P -the pressure, and i j u u represents the stress tensor.
Turbulence modelling
A cavity flow as a backward facing step flow is characterized by the presence of a shear layer and separation/recirculation phenomena. In the present study, we have considered a wall jet flow over a rectangular cavity. So, previous studies have shown that the k-ω model predicts fairly well the free shear flows, the mixing layers, the jets, the wall-bounded flows and the separated flows; for example, it predicts the backstep reattachment length within 4% of the measured one [12] .
The numerical approach is realized by the Wilcox (1998) [12] version of the standard k-ω model. In addition to the turbulent kinetic energy equation, this model uses the specific dissipation rate equation.
The turbulence kinetic energy and the specific dissipation rate are given by eqs. (5) and (6), respectively:
where Γ k and Γ ω are the effective diffusivity of k and ω respectively; they are given by:
The G k and G ω characterize the turbulence kinetic energy and the specific dissipation rate generation, respectively, due to the mean velocity gradient (eq. 8). 
The ϒ k and ϒ ω represent the dissipation rate of k and ω, respectively. They are given by:
where ν t is the turbulent viscosity given by:
The σ k and σ ω are the turbulent Prandtl numbers for k and ω, respectively (σ k = σ ω = 2). The α, α * , β, β * , and β i are closure coefficients. f β is an auxiliary equation which include some corrections in the low-Reynolds number regions. These terms are detailed by [12] .
Numerical procedure
Ansys 14.0 is used as a CFD solver. The discretization of the equations is based on the finite volume method with a co-located scheme. The PISO algorithm is used for the pressure-velocity coupling, the QUICK interpolation scheme is applied for the convection-diffusion interpolation term.
The near wall treatment is based on the enhanced wall functions by the application of a single law for the wall regions. This is achieved by the wall function proposed by Kader [13] .
The calculation domains of the two configurations considered in this study are given in figs. 1(a) and 1(b).
Computational grids
The calculation domain is subdivided into two parts: the inner cavity region (y/H < 1) and the outer one (y/H > 1). The grids are Cartesian, non-uniform and sufficiently refined near the cavity walls where very high gradients prevail in the viscous sub-layer. The computational grid test is based on the boundary layer grid. Table 1 gives the nodes numbers of the grids test. The grid 2 gives a closest result to the experimental one and is used for the computation of the boundary layer case. The gridding of the wall jet cases is based on this grid by trying 
Solution convergence
The convergence of the numerical solution is based on scaled residuals; they are fixed at 10 -6 for all governing equations. The solution is assumed to have converged when all these residuals are less than or equal to the prescribed value. Computations are carried out until the steady state is reached.
Boundary conditions
The boundary conditions imposed at the calculation domain frontiers are. At the inlet frontier and for each variable, uniform profiles are imposed:
where I is the turbulence intensity, ℓ a turbulence length scale, and C μ a turbulence model empirical constant equal to 0.09.
At the outlet boundary and the upper frontier in the wall jet case, constant pressure is imposed.
At the wall boundaries, the no-slip condition is imposed, U = V = 0. The turbulent quantities correspond to the wall function approach. The cavity walls are maintained at a constant temperature T = 320 K and the other ones are adiabatic.
Results and discussions

Code validation
For the validation of numerical results we have considered the incoming flow conditions of Esteve et al. experiment [10] . The Reynolds number based on the cavity depth is 67000, the boundary layer thickness is about 20 mm and the turbulence intensity of the external flow is of 2%.
A preliminary comparative study of three turbulence models has been conducted: the standard k-ω model, the k-ω SST model and the low-Re stress-omega model. Figure 3 shows the mean flow structure inside the cavity predicted with the three models and the experimental one. The experiment shows the presence of an important recirculation bubble behind the upstream step and two others close to each corner. A small eddy is also observed on the downstream step. The length of the main recirculation zone is about 8.5H. The standard k-ω and the RSM turbulence models allow finding the complex structure of the cavity flow with similar sizes of recirculation zones; they also predict a no-reattachment of the shear layer at the cavity floor as it was observed in the experiment. However, the k-ω SST predicts a shear layer reattachment and overestimates the size of the recirculation located above the downstream step.Therefore, we can conclude that the k-ω model gives satisfactory results in this flow type. Similar cavity flow structure has been evidenced by Avelar et al. experiments [14] , by Zdanski et al. numerical results [15] and Madi Arous et al. numerical results [11] and [16] . The experiments of Oka [4] also show an analogous flow structure between two roughness separated by a distance of 9H. The wall pressure coefficient is defined as: 
Reynolds number and turbulent intensity effects
Reynolds number and turbulence intensity effect are examined in the boundary layer incoming flow case. Figure 5 represents the mean flow structure and the isotherms for different Reynolds number and turbulence intensity values. In all these cases, we note the presence of an important recirculation bubble just behind the upstream step and two vortices at the cavity corners in addition to a small vortex on the downstream step. This figure shows that the Reyn- olds number variation does not affect much the flow structure while the turbulence intensity increase leads to a significant variation of the cavity flow behavior. Indeed, the turbulence intensity augmentation causes an important diminution of the principal recirculation bubble and accelerates the reattachment phenomenon. The same fact was observed by Zdanski et al. [15] in the case of a cavity with an aspect ratio of 8. Figure 6 displays the skin friction coefficijent distribution at the cavity floor for different Reynolds number and turbulence intensity values. The many zero Cf points confirm the presence of several recirculation zones. We note that the turbulence intensity augmentation causes an important diminution of the principal recirculation bubble size. The size of this recirculation also drops when the Reynolds number increases; but this reduction is less significant than that causes by the turbulence intensity rise. Figure 7 shows the evolution of the reattachment length at the cavity floor versus the turbulence intensity for four Reynolds number values. This figure depicts a reattachment length decrease with the turbulence intensity increase. However, the reattachment length variation is less important when the Reynolds number varies. The feeble influence of Reynolds number on a cavity flow with an aspect ratio of 12 was also evidenced by Zdanski et al. [15] . This study has shown that the Reynolds number effect is very important in laminar flow while it is much less in turbulent flow.
The heat transfer have been examined through the isotherms contours ( fig. 5 ), the temperature profiles at several cavity sections ( fig. 8 ), the evolution of the local Nusselt number at the cavity floor ( fig. 9 ) and that of the maximum Nusselt number ( fig. 10 ). Figure 5 shows that the isotherms follow the streamlines behavior. It displays the presence of a hot fluid layer within the cavity which extends up to above the downstream step. Increasing of Reynolds number and turbulence intensity causes a reduction in this hot fluid layer thickness. This reduction is more heightened by the turbulence intensity rise than by the Reynolds number increase, inside the cavity; however, the hot layer located above the downstream step is more sensitive to Reynolds number variation to that of turbulence intensity. Figure 8 shows that the highest temperatures are located at the vicinity of the upstream cavity corner where the fluid remains encapsulated in the recirculation bubble. This bubble constitutes a kind of thermal insulation. This same phenomenon was observed by Zdanski et al. [15] . The Reynolds number increase accelerates a temperature decrease inside the cavity. Particularly, in the vicinity of the cavity floor, where a net temperature drops is noted. Indeed, in the x/H = 8 section, we note a temperature decrease of 7 K when the Reynolds number value goes from Re = 1.7•10 4 to Re = 10
5
. The turbulence intensity increase also leads to a temperature drop, but with a lesser intensity than that caused by the Reynolds number augmentation.
The Nusselt number is defined as:
where L is the cavity length. Figure 9 shows the distribution of local Nusselt number along the cavity floor. The shape of the local Nusselt number profiles is similar to that predicted by Ooi et al. [17] with v 2 -f and k-ε turbulence models. The Nusselt number is low just behind the upstream vertical cavity wall; it augments and then decreases again in vicinity of the downstream vertical wall. All profiles present a peak at each cavity corner within the secondary vortices regions. Two inflection points are observed at each secondary vortex region. A similar result has been observed by Hattori and Nagano [18] , where the Stanton number profile presents two inflection points in the secondary vortex located behind 2-dimensional block. A similar result is also found by the numerical study of Ooi et al. [17] and that of Zdanski et al. [15] . This figure also shows that the augmentation of the Reynolds number and that of the turbulence intensity, enhance the heat transfer. The Reynolds number increase causes the flattening of the Nusselt number profiles. The maximum heat transfer occurs in the principal recirculation region, ahead of the reattachment region. This same phenomenon was observed by Zdanski et al. [15] . Likewise, the Numerical study of Hattori and Nagano [18] with the DNS method has shown that the maximum Stanton number points are located upstream of the reattachment points; results which agree, qualitatively, with the experimental data of Vogel and Eaton [19] . Figure 10 displays the maximum Nusselt number evolution along the cavity floor versus the turbulence intensity for different values of the Reynolds number. It is interesting to observe that the Nu max increases linearly with the turbulence intensity. The maximum Nusselt number also increase with the Reynolds number.
Effect of the cavity depth to nozzle height ratio in the wall jet incoming flow case
Computations of the wall jet upstream flow cases have been carried out for the same inlet flow conditions of the boundary layer case. Thus, at x = -H, δ ≈ 20 mm and Re = 67000. The turbulence intensity is about 5%. The height of the outlet jet nozzle is maintained constant, equal to 50 mm whereas the cavity depth was varied while keeping an aspect ratio AR = L/H equal to 10. Different cavity depths to nozzle height ratios are considered in this study: H/b = 0.25, 0.5, 0.67, 1, 1.5 and 2. Figure 11 regroups the isotherms of the boundary layer incoming flow case and those of the wall jet incoming flow cases for five different cavity depth to nozzles height ratios. This figure shows that the higher temperatures are located in the vicinity of the upstream cavity corner, where the fluid remains trapped in the principal recirculation bubble. If comparing the isotherms of the boundary layer case and that of the wall jet for the same cavity depth (H = b), we note a significant decrease of the hot layer in the wall jet case. This is probably the consequence of the diminution of the principal recirculation bubble size. Madi Arous et al. [11] and Madi Arous et al. [16] showed an important decrease of the main recirculation bubble size and a shorter reattachment length when the incoming flow is that of a wall jet compared to that of the boundary layer. We also remark that the cavity depth increase induces a diminution of the hot fluid layer inside the cavity. However, this causes an amplification of the hot layer located over the downstream step. This figure reveals that the isotherms follow the streamlines behavior. result was found by Abu-Mulaweh et al. [20] where their experimental study has shown that the step height increase enhances the heat transfer in the turbulent flow over a backward facing step. Apparently, the earlier reattachment phenomenon caused by the cavity depth augmentation Madi Arous et al. [11] and Madi Arous et al. [14] leads to an enhancement in a heat transfer between the heated cavity wall and the external fluid. A peak is observed in the vicinity of each vertical cavity wall; they are more important in the deepest cavity case. Figure 15 illustrates the maximum Nusselt number evolution with the cavity depth. It is very interesting to note a linear increase of the maximum Nusselt number with the cavity depth.
Concluding remarks
A numerical approach of a turbulent flow over a shallow cavity is performed in this study. The numerical approach is based on the k-ω turbulence model. The comparison of the numerical results with the experimental ones shows that the k-ω model predicts fairly well this flow pattern. It was found that the flow structure is very sensitive to the upstream flow characteristics. The turbulence intensity increase accelerates the shear layer re-attachment to the cav- ity floor and improves the heat transfer inside the cavity. The re-attachment phenomenon seems to be less affected by the Reynolds number. However, the increase of this latter enhances the heat transfer in the cavity. The wall jet incoming flow case is characterized by an earlier reattachment phenomenon and an enhancement in heat transfer as compared to that of the boundary layer. The augmentation of the cavity depth to nozzle height enhances even more the heat transfer. The maximum Nusselt number is reached upstream of the reattachment locations, in the principal recirculation region. This study reveals a linear evolution of the maximum Nusselt number with the turbulence intensity. The interesting result of this study is a linear evolution of the maximum Nusselt number with the cavity depth to the height of the jet exit nozzle. 
Nomenclature
AR -cavity aspect ratio, ( = L/H), [-]
